We have reported a relativistic multiconfiguration Dirac-Fock (MCDF) study on low-lying level structures of protactinium IV (Z = 91) and uranium V (Z = 92) ions. Excitation energies and electric dipole (E1) transition parameters (wavelengths, oscillator strengths, and transition rates) for these low-lying levels have been given. We have also investigated the influence of the transverse Breit and quantum electrodynamic (QED) contributions besides correlation effects on the level structure. A comparison has been made with a few available data for these ions in the literature.
Introduction
The investigation of the level structure of actinide atoms and ions is more complex because of the great experimental difficulties such as their short lifetimes and radioactivity and the difficulties in the assignment and interpretation of the enormous number of levels. The difficulty in observing of actinide elements arises from configuration interactions in their spectra. The spectra of actinides which may contain tens or hundreds of thousands of observable lines are tremendously complex. In many cases, a large amount of data is required for a correct interpretation of the spectra, and, hence, a large amount of sample material is needed. The problems occur such as the choice of coupling scheme, the evaluation of the matrix elements of the spin-orbit interaction and the Coulomb interaction, the estimation of the radial integrals, and the diagonalization of the energy matrices. Another problem is the capacity of computers for the test of theoretical studies.
Therefore, only few data are available for the protactinium IV ion. Studies on this ion are replaced by comprehensive studies about actinide and heavy atoms. Energy levels of only 5 f 2 configuration for this ion can be found in actinides web site [1] . Carlson et al. [2] calculated ionization potentials for all elements up to Z = 103 for all states of ionization. Brewer [3] described methods for estimating energies of the electronic configurations of the gaseous ions of the lanthanides and actinides. The relativistic local density functional with correlation energy has been used in conjunction with the concept of Slater transition state to calculated the (ns → np) dipole oscillator strength in the isoelectronic series corresponding to beryllium (n = 2), magnesium (n = 3), calcium (n = 4), strontium (n = 5), barium (n = 6), and radium (n = 7) [4] . Both relativistic energy-consistent small-core ab initio pseudopotential and fully relativistic density functional all-electron calculations were carried out by exploiting the presently available highest computational capability for the first to fourth ionization potentials as well as the df [∆ df 
(n = 0 -13 for Th-Lr)] excitation energies for the whole series of actinide atoms by Liu et al. [5] . Cao and Dolg [6] represented the theoretical prediction of the second to fourth actinides ionization potentials. A systematic study of atomic binding energies, in the Dirac-Fock approximation, was performed for lithium to dubnium isoelectronic series by Rodrigues et al. [7] .
The spectrum of uranium V was observed from 2000Å to 8 µm by Conway [8] . Optical spectra and paramagnetic resonance of uranium V ions in alcaline earth fluoride lattices was given by Title et al. [9] . Energy levels of uranium V in an octahedral cyristalline field were introduced by Satten et al. [10] . Johnson et al. [11] presented covalency effects in uranium V halide complexes. Prediction and interpretation of freec 2012 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com ion and crystal-field spectra of the actinides was given by Varga et al. [12] . Hecht and Gruber investigated temperature-dependent polarized absorption spectra of single crystal UCl 4 in the range 4000 -25 000Å [13] and assigned and analyzed the uranium V ion in the field of D 2d point group symmetry as a model [14] . The photoreduction of the uranyl ion in sulfuric acid with laser light and ethanol was discussed by Bell and Buxton [15] . Crystal field calculations for energy levels of uranium V in ZrSiO 4 were made by Mackey et al. [16] . Desclaux and Freeman [17] reported results of accurate Dirac-Fock studies of some uranium, neptunium, plutonium, and americium ions. Thakur and Thakur [18] found the second to sixth ionization potentials of uranium, neptunium, and plutonium from a thermochemical procedure. Wyart et al. [19] reported wavelengths for 261 lines of four-times-ionized uranium between 443Å and 2325Å. Goldschmidt [20] investigated the effects of spin-dependent interactions on the energy-level scheme of uranium V. The 5 f 2 1 S 0 level of the uranium V ion has been found and a parametric analysis for this configuration has been made by Van Deurzen et al. [21] . A parametric model for lanthanide and actinide atomic and crystal energy levels was presented that correlates trends in Hartree-Fock calculations with empirically determined atomic parameters [22] . The orbital energies, total energies, and ionization energies for groundstate configurations of uranium ions from U I to U XCII was listed by Rashid et al. [23] . The energy levels of uranium V were analyzed using a ten parameter Hamiltonian and, in particular, the effect of magnetic and configuration interactions examined by Rahman [24] . Eliav et al. [25] applied the relativistic Fock-space coupled-cluster method for the direct calculation of ionization potentials and excitation energies (including fine structure) for the 4 f 2 levels of praseodymium IV and the 5 f 2 levels of uranium V. Kulagin [26] considered energy levels of singly, doubly, and triply charged ions, as well as lines of characteristic X-ray emission for transuranium elements. Morton extended his previous work [27] for resonance absorption lines adding technetium, thorium, and uranium [28] . Seth et al. [29] calculated f-f spectra of lanthanide and actinide ions by the multiconfiguration Dirac-Fock configuration interaction (MCDF-CI) method considering uranium V, praseodymium IV, neptunium IV, promethium IV, americium IV, and europium IV ions.
We have worked on protactinium IV and uranium V ions. Both of them have the same ground state 5 f 2 3 H 4 outside the [Rn] core. The excitation energies and the electric dipole transition parameters such as wavelengths, oscillator strengths, and transition probabilities for protactinium IV and uranium V ions have been calculated using the MCDF method [30] . In the calculations, it is considered also the transverse Breit and QED contributions besides correlation effects. The calculation of heavy atoms requires considering both relativistic effects and electron correlation, resulting in a large configuration state functions (CSF) expansion in the configuration interaction approaches. To investigate the effect of valence correlation, we took the 5 f 2 , 6d5 f , 7s5 f , 6d 2 , 7s 2 , and 7p 2 configurations outside the [Rn] core. The calculation has been performed using the general atomic structure package (GRASP) code which was developed by Dyall et al. [30] . The available data of triple ionized protactinium are so poor and although there are few data for uranium V in literature. The present work is a part of the studies continuing related to lanthanides and actinides (4 f and 5 f elements) [31 -39] . Reliable data on the energies and transition parameters are fundamental quantities for many scientific applications. These data will be useful especially to start predicting and interpreting the spectral output of uranium V and, especially protactinium IV.
Method of Calculation
We have used the multiconfiguration Dirac-Fock (MCDF) method [30] for obtaining some excited levels and electric dipole transition parameters for triply ionized protactinium and four times ionized uranium. We will here introduce this method briefly. In the MCDF method, an atomic state can be expanded as a linear combination of configuration state functions (CSFs),
and is optimized usually on the basis of the manyelectron Dirac-Coulomb Hamiltonian in the form
where H i is the one-electron Dirac Hamiltonian including the kinetic energy and the interaction with the nucleus,
In (1), n c is the number of CSFs, J and P are total angular momentum and parity of the system, respectively; γ r is a set of quantum numbers to specify CSFs additional to J and P, and {c r (α)} are the mixing coefficients and denote the representation of the atomic state in this state. The CSFs |γ r PJM are constructed from a product of single electron wave functions through a proper angular momentum coupling and anti-symmetrization of the basis states. c r (α) and radial orbitals are optimized simultaneously, based on the expectation values ψ α |H DC |ψ α of one or several atomic states in a self-consistent field (SCF) procedure.
Besides the Dirac-Coulomb Hamiltonian, the Breit interaction plays also an important role in understanding the electronic structure of heavy atoms. The Breit interaction arises from the relativistic retardation and the current-current interaction of fast-moving charges,
This Hamiltonian can be also interpreted on the exchange of a single transverse photon. Breit contributions are calculated in the low frequency limit (ω i j → 0) by diagonalizing the Dirac-Coulomb-Breit Hamiltonian matrix. Another important part are the quantum electrodynamic (QED) contributions. The dominant QED contributions, self-energy and vacuum polarization, are also included in the computations of the transition energy. The finite-nucleus effect is taken into account by assuming an extended Fermi distribution for the nucleus. Both Breit and QED contributions are treated as perturbation and are not included directly in the SCF procedure. Orbitals are here fixed but the mixing coefficients are calculated by diagonalizing the modified Hamiltonian.
The radiative matrix element can be obtained from
using the MCDF wavefunctions, where O (1) is the electric dipole interaction operator. It is well known that the strongest transition is the electric dipole (E1) radiation. For spontaneous emission, the transition probability from an upper state to a lower state is defined as
where ω = (E i − E f )/ is the angular frequency with the total energies E. This is called the dipole or E1 transition matrix element in the length form. The dipole oscillator strength is
and the weighted oscillator strength or gf -value is given as
where g is the multiplicity of the respective state.
Results and Discussion
We have presented a multiconfiguration Dirac-Fock study on the low-lying level structure of protactinium IV and uranium V ions. The excitation energies and wavelengths, weighted oscillator strengths and transition probabilities of electric dipole (E 1 ) transitions for these ions have been calculated. The calculation has been performed using the widely-used atomic structure package GRASP [30] based on the multiconfiguration Dirac-Fock method [30, 40 -42] .
Triply ionized protactinium and four times ionized uranium have a rather simple electronic structure with two electrons moving in the resultant field of the nucleus and the 86 inner electrons. For this reason the electron correlation effect is important. In addition, relativistic effects must normally play a role. For heavy ions such as multiply ionized rare-earth (lanthanides and actinides), the consideration of both intervalence and core-valence correlation is essential for atomic structure calculations. In this study we investigated only the valence correlation and the transverse Breit and QED contributions.
In Tables 1 and 2 , the level energies have been presented for protactinium IV and uranium V, respectively. In these tables, columns represent the MCDF energies E 0 , the transverse Breit contribution E 1 , the Table 3 . Wavelengths λ , weighted oscillator strengths gf -value, and transition rates A, for E1 transitions to the 5 f 2 3 H 4 ground level in protactinium IV and uranium V. Comparison values for wavelengths of uranium V ion are taken from reference [19] . Table 2 , the E 0 results for uranium V are better than those of protactinium IV. For improving the results, it is necessary to select the configurations according to the core correlations (core-core and corevalence), and to include 5g, 7p, and 8s orbitals. In this case, the number of possible interacting configurations to be introduced in the model is rapidly increasing, and the computer limits quickly impose severe restrictions to that approach.
It is also required to consider the transverse Breit and QED contributions besides the correlations. Calculation of many-electron relativistic corrections is the most difficult problem to deal with in high-precision energy level predictions in heavy ions. These corrections include two contributions: i) the vacuum polarization, for which effective potentials can be deduced from QED, ii) the self-energy, the first-order contribution of which is known exactly (i.e. to all orders in the external field strength Zα) only for hydrogen-like ions. Some approximations are also known for very heavy atoms and for very light ions. None of these corrections can be neglected for a precise comparison with experimental results.
Spectroscopic parameters are fundamental characteristics of excited states of atoms and ions. They are very useful in the fields of quantum electronic, atomic physics, and laser spectroscopy, plasma physics and astrophysics. We have obtained 279 electric dipole transitions for both ions. Wavelengths λ , weighted oscillator strengths gf -value, and transition rates (or probabilities) A for 6d5 f 3 Table 3 . These parameters include the transverse Breit and QED contributions. We did not find any values in the available literature for these transitions of the protactinium IV ion. The wavelength, obtained from this work, can be compared with experimental values in [19] for uranium V ion. And it is seen that the agreement is somewhat good (accurately λ -λ [19] ∼ 200Å) for the most transitions.
Conclusion
In this work, the low-lying level structure of protactinium IV (Z = 91) and uranium V (Z = 92) has been calculated by using the MCDF atomic code, GRASP [30] . Excitation energies of levels and electric dipole transition parameters between these levels have been investigated in the framework of Breit and QED contributions and are presented in tables. It is clear that other calculations and experimental analysis are required for comparing our results. We think that the results obtained from this work, in particular for electric dipole transitions, will be useful for the theoretical and experimental studies for the level structure of these ions, especially protactinium IV, in future.
